This study investigates the fluid forces acting on a circular cylinder in a laminar flow regime while using a passive control strategy. Three cases including the cylinder with one, two or three rigid splitter plates attached at its rear surface were considered and the location of horizontal plates (attachment angle) was varied between 0̊ and 90. A comprehensive parametric study was performed to identify the optimum arrangement of the plates using the commercial finite element software, Comsol Multiphysics. The results show that the location and the number of the plates have crucial effects on the wake control. Increasing the number of splitter plates from one to two symmetric parallel plates led to a reduction in drag force, vortex shedding frequency and fluctuation of lift force. A maximum drag reduction of 23% for dual-splitters and 15% for single-splitter was achieved, at an angle of 45° at Reynolds number 100. However, increasing the number of attached plates to three didn't have a significant effect on flow quantities when plates of the same length were utilized. The suitability of the third plate (the middle plate) was further studied by investigating the effect of length of the plate on flow quantities.
Introduction
As flow passes over a bluff body, two recirculating zones, known as vortices, are formed downstream of the bluff body. When Reynolds number (Re), of the flow exceeds a threshold number, the vortices start to peel off periodically from the cylinder. When the vortex shedding occurs behind a cylinder, drag on the cylinder increases. Moreover, the periodic forces that were applied on the cylinder in the cross flow direction cause undesirable vibrations in the cylinder (Kwon and Choi, 1996) . Many practical applications involve vortex-induced vibrations, including heat exchanger tube bundles, marine structures, bridges, power transmission lines etc. Therefore, controlling the vortex shedding is very important in engineering applications to prevent the possible structural damages (Sudhakar and Vengadesan, 2012) .
Previous works on the wake control of vortex shedding from a circular cylinder can be classified into two categories including active control and passive control. In the active control strategy, an input energy is required to be applied in the form of suction or blowing into the base region of the cylinder in order to control/reduce vortex shedding. However, in passive control strategy, an input energy is not required; instead, modifications of either the surface or the near-wake flow of the cylinder using some devices enables the reduction of vortex shedding (Yucel et al, 2010) . Among passive control approaches, the use of splitter plates has been one of the most successful methods which can lead to reduction and suppression of vortex street behind the cylinder (Kwon and Choi, 1996) .
The splitter plates can be in the form of attached plates or detached plates. Early studies regarding the influence of splitter plates on cylinder wake was initiated by Roshko (1954) . Roshko investigated the effect of splitter plate ratio (L/D, where L is the plate length and D is the cylinder diameter) on cylinder wake for a cylinder with an attached splitter plate. He reported that when the splitter plate was sufficiently long, e.g. / ≥ 5, the vortex shedding was completely eliminated; hence, drag coefficient ( ) significantly reduced. The effect of splitter plate length was investigated by Gerrard (1966) at Re = 2 × 10 4 . He reported that increasing the length of the plate resulted in decreasing St within 0 ≤ ≤ . However, St gradually increased by further increasing the plate length. Therefore, the minimum St was observed when the splitter plate ratio was approximately equal to one. He showed that the frequency of vortex shedding is inversely proportional to the vortex formation length ( ) immediately downstream of the bluff body. Similar experiments were conducted by Unal and Rockwell (1988) in the Re range of 140 < Re < 1600. They divided the wake region into prevortex formation region and post-vortex formation region and observed a change in the pressure on the control plate when the plate was shifted from one region to another. Apelt et al (1973) and Apelt and West (1975) performed an experiment to study the effect of length of splitter plate for 10 4 ≤ Re ≤ 5 × 10 4 . It was reported that the drag decreased as the length of the plate was increased up to / = 1. Then, it had an increasing trend within 1 ≤ / ≤ 2, and after that, it decreased again. Apelt and West (1975) showed that adding the splitter plate led to a reduction in drag force and an enhancement in the base pressure. Moreover, similar trend was observed for the variation of in comparison with the St variation at a higher Re (= 5 × 10 4 ) in their experiments.
In addition to the above studies that considered attached splitters, there are studies that investigated the effect of detached splitter plates on cylinder wake. Roshko (1955) investigated the effects of adding detached splitter plate with splitter plate ratio of L/D=1. He observed an increase in base pressure and a decrease in Strouhal number (St) (a dimensionless number describing oscillating flow mechanisms) when splitter plate was fixed downstream at a distance less than 4D. Hwang et al (2003) investigated the effects of a detached splitter plate on a circular cylinder and observed a considerable reduction of flowinduced forces on the cylinder. Akilli et al (2005) extended the previous experimental studies to investigate the effects of detached splitter plate on the suppression of vortex shedding by varying the position of the plate. Ozono (2003) studied the effects of length and position of a detached splitter plate behind a cylinder at an asymmetric configuration. He observed that by increasing the gap between the cylinder base point and the leading edge of the downstream splitter plate, the values of St and initially started decreasing. Serson et al (2015) studied detached splitter plates and observed a strong dependence on Re, with the splitter plates being more beneficial at the higher values of Reynolds numbers.
More recently, Shukla et al (2009) investigated the influence of attaching a hinged-rigid splitter plate to a cylinder on cylinder wake. Shukla stated that the communication between the shear layers downstream of the cylinder was not disrupted completely with using the hinged splitter plate. Furthermore, the splitter plate oscillated due to the pressure difference across the plate and the amplitude of oscillations reached to a maximum value of 0.45D at the free end. Similar investigations regarding the use of hinged rigid splitter plate attached to a cylinder were performed by Assi et al (2009), and Gu et al (2012) . There are also a few studies investigating the effect of a flexible splitter plate on flow quantities of the cylinder (Shukla et al, 2013; Sudhakar and Vengadesan, 2012; Tian et al, 2011; Nayer and Breuer, 2014) . A number of recent studies have also investigated the use of dual-splitter plates in the wake control (Bao and Tao, 2013; Serson et al 2015; Qiu et al, 2014; Barman and Bhattacharyya 2015) . Bao and Tao (2013) used short splitter plates of size L/D=0.3 for the wake control of vortex shedding. They also investigated the effect of length of the plates at a fixed position around the cylinder and observed that the length of the plates had crucial effects on drag reduction and wake suppression.
As discussed above, most of the previous works regarding the control and stabilisation of wake flow behind a cylinder only considered cylinders with one rigid splitter plate in a fixed angular position. The novelty of this paper is that it investigates the effects of having multiple rigid plates, attached to a cylinder on cylinder wake by comparing single-splitter, dualsplitters and tri-splitters cases. Moreover, the influence of the location of horizontal plates (attachment angle) on the cylinder wake is studied in the paper. This is followed by a more detailed study on the effect of the length of the middle plate in tri-splitters case on flow quantities. The same splitter plate ratio of L/D=1 which is greater than the length used in Bao and Tao (2013) study was initially considered for all the cases. The plates were located downstream of the cylinder and the variation of Strouhal number, drag coefficient and rootmean-square (r.m.s) value of the fluctuating lift coefficient was investigated. The effect of the length of the middle plate in tri-splitters case was also investigated to support the initial findings obtained for this arrangement at L/D=1. The commercial software, Comsol Multiphysics V.4.3a (COMSOL Inc., Stockholm, Sweden), was utilized to solve the problem using the finite element method.
The paper is organized as follows. The problem statement is given in section 2. The numerical methodology used to solve the equations and validation of the numerical simulation, are presented in section 3. The detailed results and the discussion are presented in section 4 and final conclusions are given in section 5.
Problem Statement
In the present work, the problem of laminar flow past a circular cylinder is considered for three different cases: the cylinder with one, two and three rigid splitter plates attached to the rear surface of the cylinder as shown in figure 1 . In all these cases, the thickness of the plates (h) was equal to 0.03D. The location of the horizontal plates behind the cylinder which was defined by attachment angle, , (i.e., the angle between the wake centreline and a straight line crossing the centre of the cylinder and the attachment) was varied between = 0° and = 90°, leading to an asymmetric configuration for single-splitter case. However, in the cases of dual-splitters and tri-splitters, symmetric configurations were assumed, as can be seen in figure 1. The flow geometry and coordinate system as well as boundary conditions are shown in figure 2. The computational domain was defined within −30 ≤ ≤ 50 and −30 ≤ ≤ 30 , where the centre of the cylinder was located at the origin (x = 0, y = 0). The effect of the outlet boundary and the blockage effect were negligible in this problem as the size of the domain was large enough in both flow and cross-flow directions, respectively. The inlet velocity U was uniform, aligned with the x-direction and was chosen such that = ∞ D/ = 100. Pressure outlet boundary condition was applied on the far downstream outlet. Assuming the environment had the atmosphere conditions, a pressure value of zero was used on the outlet boundary. The open boundary conditions with no viscous stress were imposed to the lateral surfaces. A no-slip boundary condition specified as = 0 was applied on the cylinder wall and on the splitter plate, where is the fluid velocity. Glycerin with dynamic viscosity of 1.42 . and density of 1260 3 was used in the fluid domain.
The Reynolds number is defined as Re = ∞ D/ , where and are the density and dynamic viscosity of the fluid respectively, ∞ is the free-stream velocity and D is the diameter of the cylinder. Non-dimensional parameters, such as the drag coefficient ( ), the lift coefficient ( ), the Strouhal number ( ) and the pressure coefficient ( ) are defined by:
where is the vortex shedding frequency.
where is the fluid density and and are the fluid forces (i.e., the pressure and viscosity forces) applied on the cylinder, in the streamwise and transverse directions, respectively.
where p is the static pressure on the cylinder surface and ∞ is the free-stream static pressure.
The Numerical Methodology and Validation

Governing equations and numerical formulation in Comsol Multiphysics
The fluid flow is described by the mass continuity equation ( equation 4) and incompressible Navier-Stokes equation (equation 5) (neglecting the volume forces):
where ρ is the fluid density, p is the pressure, is the velocity vector of the fluid and I is the unit diagonal matrix.
Finite element scheme
Comsol Multiphysics solves problems defined with Partial Differential Equations (PDEs) using Finite Element Method (FEM). In Comsol, Implicit Differential-Algebraic (IDA) solver is used to solve the system of equations which was attained from discretisation of the timedependent PDE. IDA uses variable-order variable-step-size backward differentiation formulas (BDF) to discretise a PDE (Brown et al, 1994; Hindmarsh et al, 2005; Comsol, 2012) .
The finite element equation of the discretized time-dependent PDE problem is given by:
where U is the solution vector, L is the residual vector, M is the constraint residual, is the constraint force Jacobian and is a Lagrange multiplier.
A Newton solver is fitted into the IDA to solve the nonlinear system of equations which is generated due to the use of implicit time-stepping schemes. The attained equations which are linearised to be used in the Newton's iteration are given by:
where V is the nodal displacement vector, = − is the stiffness matrix, = −̇ is the damping matrix, = −̈ is the mass matrix and N is the constraint Jacobian matrix. A PARDISO (Parallel Direct Sparse Solver) solver is used by Newton solver to solve the resulting linear systems. PARDISO acts on general sparse linear systems of the form Ax = b and employs LU factorization on the matrix A to find the solution x (Schenk and Gartner, 2004; Schenk and Gartner, 2006; Comsol, 2012) .
3.3.Validation of the finite element model
The simulation results were compared with experimental and numerical results from the literature for two benchmark cases at Re=100: flow past a plain cylinder (the cylinder without any splitter plates), and flow past a plain cylinder with one splitter plate attached at = 0°. As shown in Table 1 , the simulation results closely match other numerical (Hwang et al. 2003; Sudhakar and Vengadesan, 2012; Park et al. 1998; Kwon and Choi, 1996; Posdziech and Grundmann, 2007, Bao and Tao, 2013) and experimental (Williamson, 1989) results. The small differences between the present results and the numerical results from literature could be attributed to the different numerical approaches which have been implemented in the studies. Other possible reasons for the discrepancy of the numerical results in the different studies can include the blockage effect, the proximity of the cylinder to the inlet and the low cylinder distance from the outlet. Figure 3 shows the computational domain meshed using triangular and quadrilateral elements. Due to the high value of the velocity gradient near the cylinder wall and the plate wall, quadrilateral elements were used close to these regions. For the rest of the computational domain, triangular elements were used. The grid independence test was conducted on the flow past the cylinder with one splitter plate at = 0°. Four different mesh resolutions were used to examine the spatial convergence (Table 2) .
Grid independence test
Comparing the numerical results in table 2, it can be seen that the mesh resolutions in case 1 and case 2 were appropriate to accurately evaluate the flow past over the cylinder. As the grid resolution was refined from case 2 to case 3, more accurate result was observed. However, further increase in mesh density (i.e., from case 3 to case 4) didn't cause significant change on the numerical measurements. Therefore the mesh setting in case 3 which is computationally less expensive than case 4 was chosen for all subsequent simulations. A minimum mesh quality of 0.7323 in Comsol was used in this case for the fluid domain. 
Results and Discussion
In this section, the effect of attaching one or more rigid splitter plates to the rear surface of the cylinder on Strouhal number (St), mean drag coefficient ( ̅̅̅̅ ) and fluctuating lift coefficient ( ) is investigated. The results are presented against the location of the plates behind the cylinder which is defined by attachment angle ( ). In the case of cylinder with three attached splitters, the effect of the length of the plates is also investigated, focusing on the role of the middle plate in wake control.
Vortex shedding frequency
The Strouhal number (St) against attachment angle, , for flow past a cylinder with one, two or three rigid splitters is presented in figure 4 . For comparison, St of the plain cylinder (the cylinder without any splitters) is also incorporated in the graph. The St was calculated from the period of the lift coefficient. It can be seen from figure 4 that the cylinder with one rigid splitter plate had lower value of St than the plain cylinder. This can be attributed to the fact that the reaction between the shear layers downstream of the cylinder is delayed by the use of the splitter plate. It can also be seen that in the case of cylinder with single-splitter plate, by increasing up to 15, the St had a fixed value. However, by further increasing the attachment angle (15°≤ ≤ 90°), St increased linearly. Therefore, a maximum shedding frequency reduction of 17% compared to the plain cylinder was achieved between = 0° and = 15° using the single-splitter. Figure 5 illustrates the instantaneous streamlines for the flow past a cylinder with singlesplitter (5a) and dual-splitters (5b). The increase in St occurred in single-splitter case within 15°≤ ≤ 90° can be explained by looking at figure 5(a). By increasing , the upper vortex of the cylinder became narrower in the region close to the cylinder and grew in the region near the free end. On the other side, the lower vortex became larger and grew behind the cylinder under the plate (figure 5a). This asymmetry results in separation of the upper vortex (the vortex behind the tip of the plate). Following that, the lower vortex can grow and shed, and the process repeats itself. It can also be seen from figure 5(a) that by increasing the asymmetry of vortex pairs with respect to the vortex positions, increased; thus, increasing St.
As can be seen from figure 4, in the case of dual-splitters, St number remained constant between = 0° and = 15°, and the change in St number became noticeable for ≥ 15°. By increasing in the range of 15°≤ ≤ 30°, a reduction in St number occurred. This is because of the fact that increasing the distance between the two plates leads to a delay in the contact between the shear layers. Following that, the vortex formation length increases, resulting in decreasing the St number (figure 5b). Then, by further increasing the attachment angle (30°≤ ≤ 90°), the St number increased. This can be attributed to the reduction of vortex formation length as can be noticed from figure 5(b). Similar trend can be seen for the tri-splitters up to ≈ 75° (figure 4). By further increasing , the St number decreased due to the addition of the third plate (the middle plate). The middle plate prevented the growth of vortices in the region between the two plates; therefore, it led to a delay in contact between the vortices (figure 6). Generally, the St number of the cylinder with one or more splitter plates in all attachment angles was always lower than that of the plain cylinder. Moreover, the St numbers associated with the cylinder with dual-splitters and tri-splitters are lower than that of the single-splitter, especially within 20°< < 70°. In the three different cases studied in this section, the lowest St was observed in cylinder with two/three splitter plates at = 30° in which the maximum shedding frequency reduction of 22% in comparison with plain cylinder was achieved. Therefore, comparing with the single-splitter case, adding the second splitter plate had a significant effect in reducing the shedding frequency and improving the wake stabilization. Figure 7 shows the mean drag coefficient, ̅̅̅̅ , which was numerically calculated for the different considered cases. ̅̅̅̅ in figure 7(a) was computed from integration of pressure and viscous stresses over the cylinder surface only, while ̅̅̅̅ in figure 7(b) was computed from integration over both the cylinder and plates walls. Moreover, the reference results of drag coefficient for the plain cylinder were incorporated into the figures for comparison. It can be seen from figures 7a and 7b that a significant reduction in drag coefficient was achieved by the use of splitter plates in all the three cases compared to the plain cylinder. It can also be seen that dual-splitters and tri-splitters cases had lower values of drag coefficient than the single-splitter case. It can also be seen from figure 7(a) that in the case of the cylinder with one splitter plate, by increasing , ̅̅̅̅ remained almost constant within 0°≤ ≤ 15°. Then, ̅̅̅̅ decreased until it reached a minimum value at = 45°. In this position the maximum drag reduction of 15% was attained compared to the plain cylinder. After that, by further increasing up to 90°, ̅̅̅̅ increased up to almost its initial value at 0°. In the dual-splitters case, by increasing up to 45°, a similar trend as the single-splitter plate case can be observed between = 0° and = 45°. However, the value of ̅̅̅̅ of the cylinder with dual-splitters was considerably smaller than the one with a single-splitter plate, especially within 45°≤ ≤ 90°. In this case, a maximum drag reduction of 23% compared to the plain cylinder case was observed at = 45°. Our numerical result for drag coefficient at = 40° ( ̅̅̅̅ = 1.210) matches closely with that obtained by Bao and Tao (2013) ( ̅̅̅̅ = 1.215) for the same dual-splitter configuration. In the case of cylinder with tri-splitters as can be seen in figure 7(a), the ̅̅̅̅ was very close to that of the dual-splitters, showing that adding the third plate (middle plate in tri-splitter plate case) didn't have considerable effect on the drag coefficient.
Mean drag force and fluctuating lift force
It can be seen from figure 7(b) that a similar trend as ̅̅̅̅ was observed for ̅̅̅̅ in all three cases between = 0° and = 45°. However, by further increasing , ̅̅̅̅ had a higher rate of growth compared to ̅̅̅̅ between = 60° and = 90° in all the simulated cases. This observation can be attributed to viscosity effect of the plates which has an increasing trend for > 60°. As can be seen from figures 5(a) and 5(b), in low attachment angles (0°≤ ≤ 45°), a vortex is formed between the plate and the main stream, reducing the effect of viscous drag due to the lack of contact between the surfaces of the plates and the main stream. In this position, the viscous component of the drag coefficient is expected to be significantly smaller than the pressure component. Hence, the plots of ̅̅̅̅ and ̅̅̅̅ (figures 7a and 7b) share the same profile in this region. However, by increasing the attachment angle, especially when ≥ 60°, the viscous component of the drag coefficient becomes more effective due to the contact between the plates surfaces and the main stream. Therefore, the plots of ̅̅̅̅ and ̅̅̅̅ have different trends at ≥ 60°. Consequently, dual-splitters are more influenced by this effect than a single-splitter. However, attaching third plate in the middle (tri-splitters case), doesn't cause significant change in viscous drag, due to the lack of effective contact between the surfaces of the middle plate and the main flow. Figure 8 shows the root-mean-square (r.m.s.) value of the fluctuating lift coefficient ( ´ ) which represents the influence of the splitter plates on the wake oscillation against attachment angle, . The corresponding value of ´ for plain cylinder is incorporated to the figure for comparison. As can be seen from figure 8, by changing the position of the plates, ´ has a similar trend as drag coefficient studied earlier in this section. Hence, the use of splitter plates attached to a circular cylinder can lead to reduction in wake oscillation. However, this reduction in dual-splitters and tri-splitters cases (which share similar profile) is more than the corresponding value of the cylinder with single-splitter. ´ had a decreasing trend by increasing the attachment angle within 0°≤ ≤ 45° and reached to its minimum at = 45° (in all three cases). At this position, a maximum reduction of 95% in ´ was observed in dual-splitters and tri-splitters compared to ´ of the plain cylinder. Also, it is interesting to see how much the average lift coefficient ( ̅̅̅ ) is affected when using only one splitter at various positions. As can be seen from figure 9, by increasing the attachment angle, ̅̅̅ increased until it reached to its maximum value at = 45°. By further increasing the attachment angle, ̅̅̅ reduced and reached to zero at ≈ 70°, and continued decreasing to negative values after that. 
Pressure distribution on the cylinder surface
The change in the drag coefficient and average lift coefficient investigated earlier in this paper are directly related to the pressure distribution. Figure 10 shows the mean pressure coefficient, ̅̅̅̅ , against the angular position around the cylinder ( ) with one or two splitter plates attached at various positions ( ). For the single-splitter case because of the asymmetric configuration, the figure was plotted in the range of −120°≤ ≤ 120° and for the dual splitters, due to the symmetric configuration, the figure was plotted in the range of 0°≤ ≤ 120°. Outside −120°≤ ≤ 120°, curves shared the same profile; therefore, they are not plotted in the figures. It can be seen that in the single-splitter case (figure 10a) as well as the dual-splitters (figure 10b), the results are set into two regions of the curves. In the region between the wake centreline ( = 0) and the plate ( = ), the pressure distribution was significantly influenced by the value of , whereas in the other region ( > ), the mean pressure coefficient had a similar trend against . Therefore, we focused on the feature displayed within the region between the wake centreline and the plate (0 ≤ ≤ ). In this region, the values of − ̅̅̅ for the cylinder with single-splitter (figure 10a) and cylinder with dual-splitters (figure 10b) for all plate positions (attachment angles) were smaller than the associated value of the plain cylinder. Because of that, the values of ̅̅̅̅ in single-splitter and dual-splitters cases for all attachment angles were smaller that than ̅̅̅̅ of the plain cylinder, as was seen in figure 7(a). It can be seen in figure 10(b) that in the case of cylinder with dual-splitters, ̅̅̅ had a fixed value in the region between the wake centreline and the plate (0 < < ). Similarly in trisplitters, ̅̅̅ will have a fixed value in the region between the plates (0 < < ). Therefore, the variation of ̅̅̅̅ against attachment angle in the tri-splitters case can be justified by the behavior of the mean base pressure coefficient,
where is the static pressure on the cylinder surface at θ=0. The variation of mean base pressure coefficient, ̅̅̅̅̅ , against the attachment angle for the tri-splitters case is illustrated in figure 11 . Moreover, the value of ̅̅̅̅̅ in the case of cylinder with dual-splitters, as well as the plain cylinder is incorporated into the figure for comparison. It can be seen that the plots of the dual-splitters and tri-splitters share almost the same profile within 0°≤ ≤ 75°. Therefore, the value of ̅̅̅̅ in tri-splitters is close to that in dual-splitters in this range (figure 7a). However, by further increasing , -̅̅̅̅̅ in tri-splitters becomes smaller than that in dual-splitters; thus resulting in a lower value of ̅̅̅̅ compared to that in dual-splitters. 
The effect of the length of middle plate in tri-splitters
The effect of the plate length on flow quantities for single-splitter was investigated in a number of previous studies (Apelt and West, 1975; Apelt et al., 1973; Bearman, 1965; Kwon and Choi, 1996) . Findings showed that the cylinder wake was highly influenced by the length of the splitter plate. In section 4.2 of the paper, it was observed that adding the third splitter plate of the same length, didn't have significant effect on the drag coefficient when compared with dual-splitters. In this section, in order to clarify the effect of adding the third plate on flow quantities, the length of the middle plate (L mid ) in tri-splitters was changed within 0 ≤ / ≤ 4 at a fixed attachment angle of 45° which is associated with the position of two lateral splitters where the minimum value of drag was observed. Two different scenarios were considered based on the length of the lateral plates (L lat ); tri-splitters with two long lateral plates of size L lat /D=1, and tri-splitters with two short lateral plates of size L lat /D=0.3. Figure 12 shows the change in drag coefficient by varying the length of the middle plate (L mid ). It can be seen that with long lateral plates, the change in drag coefficient against the length of the middle plate was not noticeable. This is due to the fact that in this situation, the middle plate is located in a zone with no wake. However, when short lateral plates were utilized (L lat /D=0.3), it can be seen that increasing the length of the middle plate led to reduction of drag coefficient. In this case a maximum reduction of 7% was achieved when size of the middle plate was L mid /D=2. However, further increase in the length of the middle didn't have noticeable effect on the value of drag coefficient. . It can be seen that when short lateral plates (L lat /D=0.3) were used, by increasing the length of the middle plate up to L mid /D=2.1, ´ has significantly decreased. In this case, increasing the length of the middle plate beyond L mid /D=2.1 has resulted in complete prevention of the wake oscillations. However, ´ of tri-splitters with long lateral plates is considerably lower than the corresponding value of tri-splitters with short lateral plates. In this case, increasing the length of the middle plate beyond L mid /D=1.5 has resulted in complete prevention of the wake oscillations. The variation of mean base pressure coefficient, ̅̅̅̅̅ , against the dimensionless length of the middle plate (L mid /D) in tri-splitters is illustrated in figure 14 . It can be seen that in the case of tri-splitters with short lateral plates (L lat /D=0.3), by increasing the length of the middle plate,− ̅̅̅̅̅ has decreased and resulted in a decrease in ̅̅̅̅ (as was seen in figure 12 ). However, in the case of tri-splitters with long lateral plates (L lat /D=1), there was no considerable change in − ̅̅̅̅̅ by increasing L mid , similar to what was observed for the corresponding ̅̅̅̅ in figure 12. 
Summary and Conclusions
A numerical investigation of the flow over a cylinder with up to three attached rigid splitter plates was performed in this work and the time-averaged characteristics were measured. The length of the plates was initially chosen to be equal to the cylinder diameter and the position of the plates was described by their attachment angle which was varied between 0° and 90°. The main findings are as follows:
 Increasing the number of attached plates, from one to two, had a crucial effect on reduction of drag coefficient, Strouhal number and r.m.s. value of the lift coefficient. However, further increase to three plates, didn't have a significant effect on these quantities.
 The minimum drag coefficient was observed in the attachment angle of 45. In this position, 15% reduction of drag coefficient was achieved for the cylinder with one attached splitter plate, and 23% reduction was achieved for the cylinders with two and three attached splitter plates, compared to the drag coefficient of a plain cylinder.
 In dual-splitters and tri-splitters cases, a maximum of 95% reduction in r.m.s. value of the lift coefficient compared to the corresponding value of the plain cylinder was achieved at = 45°.
 In single-splitter plate case, the average value of lift coefficient was highly dependent on the position of the attached plate and the maximum value was observed at ≈ 45°.
 In the single-splitter case, the minimum St was observed in the attachment angle of approximately 0̊ which resulted in 17% reduction of St compared to the plain cylinder. In the dual-splitters and tri-splitters cases, the minimum St was observed in the attachment angle of 30̊ in which 22% reduction of St was achieved compared to the plain cylinder.  Although in tri-splitters case initially investigated (L/D=1), the effect of the middle plate on flow quantities was not considerable, it was observed that when lateral plates are short, for instance L lat /D=0.3, the effect of the length of the middle plate on controlling the flow past the cylinder becomes noticeable.
To sum up, the results of this study suggest that drag on cylinder, vortex shedding frequency and fluctuations of lift coefficient can be effectively reduced by attaching one or more splitter plates placed in an appropriate position. Assuming splitters are of the same length, the use of two parallel splitters symmetrically attached to the cylinder is recommended. The current investigation sheds light on the future developments of efficient drag controlling methods for a cylinder immersed in a free stream.
